OMMUNICATING hydrocephalus is caused by various insults, such as meningitis, head trauma, and in particular, SAH. 7 The pathogenesis of communicating hydrocephalus following SAH is usually assumed to be an impairment of CSF flow and/or absorption due to leptomeningeal fibrosis and collagen deposition resulting from an inflammatory response after insult. 4, 32, 36, 49 Therefore, antifibrotic therapy is expected to prevent the development of communicating hydrocephalus, although this hypothesis has not been established. Deuterium, with twice the mass of a hydrogen atom, is a stable isotope of hydrogen and heavy water (D 2 O) and has many effects on various biological systems, including inhibitory effects on cell proliferation and protein secretion. 12, 55 Previous studies have demonstrated that D 2 O also has inhibitory effects on collagen synthesis in vitro 47 and on bleomycin-induced lung fibrosis in vivo. 12 These inhibitory effects of D 2 O on fibrosis may be caused by a freezing effect, in which overstabilization of microtubules directly inhibits the proliferation of fibroblasts.
mice, a model of communicating hydrocephalus following inflammation, 8, 27, 34 with reference to the effects of D 2 O on cytokine production.
Materials and Methods

Kaolin-Induced Hydrocephalus and D 2 O Administration
Male Jcl:ICR mice (CLEA Japan, Tokyo, Japan) 10 to 12 weeks of age were used. The mice were maintained at the Department of Experimental Animals, Center for Integrated Research in Science, Shimane University. The experiments were approved by the university ethics committee, and all treatments were performed in accordance with its institutional guidelines.
Mice were anesthetized by continuous inhalation of ether. To induce hydrocephalus, 5 l of 2% aluminum silicate (kaolin; Fisher Scientific, Fair Lawn, NJ) in distilled water was injected into the cisterna magna through the atlantooccipital membrane. 8, 17, 27, 34 The kaolin-injected mice were divided into two groups: 1) Group H, which had free access to H 2 O as tap water; and 2) Group D, which had free access to 30% D 2 O (Isotec, Inc., Miamisburg, OH) as tap water from 7 days before injection to the date on which they were killed. The highest concentration of D 2 O administered orally that has been reported to be without side effects in mice is 30%. 9, 28 Mice given H 2 O and injected with 5 l of distilled water were designated as the sham-operated (sham) group (Fig. 1) . Water intake and body weight were measured, every 7 days after kaolin injection. Locomotive activities were measured and histopathological examinations in the cisterna magna were performed on Days 7, 14, and 28. Quantitative analyses of cytokines and assessment of the effects of D 2 O on the proliferation of fibroblasts were performed on Day 14 (TGF␤ 1 was measured on Days 7 and 14) . Quantitative analyses of collagen, volumetric analyses of the cerebral ventricle, biochemical analyses, and histopathological examinations in the brain, intestine, kidney, and testis were performed on Day 28.
Locomotive Activity
The locomotive activity in the animals was analyzed using an infrared-based locomotion analyzing system (Scanet MV-10; Toyo Sangyo Co., Ltd., Kanagawa, Japan) on Day 0 before injection and on Days 7, 14, and 28 after injection. There were six mice each in Groups H and D and four in the sham-treated group. Each mouse was placed for 30 minutes in a field 35 cm 2 with the lattice of the infrared beam crossing at 6-mm intervals. When the mouse moved across the beam, the movement was automatically counted as one point, that is, one movement of the mouse. The locomotion analysis was conducted between 10:00 a.m. and 2:00 p.m.
Biochemical Analysis
Blood samples (five, six, and five samples for the H, D, and shamtreated groups, respectively) were collected via the inferior vena cava on Day 28. The hemoglobin concentration was determined by an automated blood cell counter (KX-21NV; Sysmex, Kobe, Japan), and serum biochemistry was assayed using a commercially available kit (SpotChem; Arkray, Inc., Kyoto, Japan). The total serum protein was measured using a protein assay kit (Bio-Rad Laboratories, Hercules, CA).
Histopathological Examination
Mice were killed with an overdose of sodium pentobarbital on Days 7, 14, and 28 after kaolin injection and fixed with a mixture of 70% methanol and 10% formalin by transcardial perfusion. The brain was cut coronally into two parts at the midbrain and then embedded in paraffin. The rostral part of the brain (cerebrum, diencephalon, and upper part of the midbrain) was cut into serial coronal sections 10 m thick and stained with H & E for volumetric analysis of the cerebral ventricles. The caudal part (from the lower part of the midbrain to the cervical spinal cord 5 mm below the tip of the cerebellum) was cut into serial sagittal sections 5 m thick to assess fibrosis and the proliferation of fibroblasts in the cisterna magna. On Day 28 the intestine, kidney, and testis were cut into 5-m sections and stained with H & E. The mitotic cells in the intestinal mucosa were counted per 100 crypts.
Volumetric Analysis of the Ventricle
Sections were selected in a systematic fashion (five sections for each group) on Day 28. The initial section was designated when the most rostral part of the lateral ventricle appeared; every 20th section was selected. The lateral ventricles, third ventricle, and aqueduct were captured by a charge-coupled device camera (model CS520MD; Olympus Optical, Tokyo, Japan). The area of the region of interest was measured using Scion Image software (Beta 4.0.2; Scion, Frederick, MD). The ventricular volume was estimated as V = ⌺(Sn)*h, where Sn is the area of each region of interest and h is the distance between the analyzed sections.
Quantitative Analysis of the Collagen in the Cisterna Magna
The initial section was designated when the fibrosis in the cisterna magna appeared; then on Day 28 individual sections were systematically selected every 750 m from the serial sections (five each from Groups H and D). Collagen in the cisterna magna was measured quantitatively with a collagen staining kit (Collagen Research Center, Tokyo, Japan) according to the manufacturer's instructions. The kit contains Sirius red F3BA and Fast green FCF stains, which selectively bind to collagen and noncollagenous components, respectively. The sections were stained with both dyes. After both dyes were eluted with NaOH-methanol, the absorbances obtained at 540 and 605 nm were used to determine the amounts of collagen and noncollagenous proteins. 30 
Immunohistochemical Analysis
The TGF␤ 1 and Mac-3 Immunostaining. Five mice each from Groups H and D were killed on Days 7 and 14, and tissue sections were prepared as previously described. Serial sagittal sections cut 5 m thick were incubated in a mixture of 0.3% hydrogen peroxide and 99.9% methanol for 15 minutes. For TGF␤ 1 immunostaining, sections were acid-activated with 1 N HCl for 15 minutes and then neutralized with 0.1 M borax-borate buffer (pH 8.8) for 5 minutes at room temperature. Sections were incubated in 10% normal goat serum for 30 minutes and then in monoclonal rat anti-mouse Mac-3 antibody (dilution 1:50; Pharmingen, San Diego, CA) as a macrophage marker and monoclonal mouse anti-TGF␤ 1 antibody (dilution 1:1000; Pharmingen) at 4˚C overnight. Primary antibodies were detected with Dako Envision polymer (Dako Corp., Carpinteria, CA) for TGF␤1 and the ABC kit (Vector Laboratories, Burlingame, CA) for Mac-3, and then were visualized with 3,3Ј-diaminobenzidine-tet- rahydrochloride (Dako Corp.) and hydrogen peroxide. As negative controls, adjacent sections were incubated without primary antibodies.
Immunostaining With BrdU, Cell Density, and Labeling Index. Four mice from Group H and four from Group D were injected intraperitoneally with 50 mg/kg body weight of BrdU (Sigma Chemical Co., St. Louis, MO) in distilled water 2 hours before being killed on Day 14. The BrdU labeling index in the fibrotic area was obtained from three sections per animal. The initial section was designated at the first appearance of fibrosis in the cisterna magna; the following sections were selected every 20 m. Details of the BrdU immunostaining have been described elsewhere. 18 The numbers of BrdU-positive and -negative cells in the fibrosis-per-unit area (30 m 2 ) were counted to determine the cell density and BrdU labeling index. In each section, multiple areas for cell counting without overlap were selected systematically.
Serum Levels of Cytokines. The serum concentration of total TGF␤ 1 , including latent and active forms in the H, D, and sham-treated groups (eight, eight, and four samples, respectively), was measured with the aid of the TGF␤ 1 E max ELISA System (Promega, Madison, WI) according to the manufacturer's protocol. The blood samples were collected from the inferior vena cava on Days 7 and 14 after kaolin injection.
Serum levels of FGF2, PDGF-BB, and IL-6 on Day 14 were measured according to the standard protocol for direct enzyme-linked immunosorbent assay, 16 with some modifications. Recombinant human FGF2 (Progen Biotechnik GmbH, Heidelberg, Germany), human PDGF-BB (Austral Biologicals, San Ramon, CA), and mouse IL-6 (R&D Systems, Inc., Minneapolis, MN) were each used as a standard. Antibodies against FGF2 (Santa Cruz Biotechnology, Santa Cruz, CA), PDGF-BB (Sigma Chemical Co.), and IL-6 (Dako Japan, Kyoto, Japan) were biotinylated by the ProtOn biotin labeling kit (Vector Laboratories). We did not determine the concentration of cytokines in the CSF, because when we used a small-gauge needle, it was difficult to collect enough CSF from the lateral ventricles without blood contamination.
Statistical Analysis
All quantitative data are presented as means Ϯ standard deviations. Quantitative studies were performed in a blind manner. Except for the behavioral analysis, we used a factorial analysis of variance followed by a post hoc pairwise comparison (Scheffé F-test) for the factor analysis among the groups. For the behavioral analysis, we used repeated-measures analysis of variance and a post hoc pairwise comparison (Scheffé F-test) for the factor analysis among the groups. Statistical significance was inferred at a probability value less than 0.05.
Results
Body Weight, Water Intake, and Locomotive Activity
Body weight, water intake, and locomotive activity in each group are summarized in Table 1 . Body weights in Group H on Days 14 and 28 were significantly lower than those in Group D (p Ͻ 0.05), whereas there were no significant differences in body weight between the H and shamtreated, or between the D and sham-treated groups. There were no significant differences in water intake or locomotive activity among the groups on any date examined.
Change in Ventricular Size
On Day 28 after kaolin injection, the ventricles were larger in Group H than in the sham-treated group ( 
Fibrosis in the Cisterna Magna and Quantitative Analysis of the Collagen
We next observed the fibrotic changes in the cisterna magna on Day 28 after kaolin injection. Group H demonstrated extensive fibrosis there (Fig. 3a) , whereas less fibrosis was seen in Group D (Fig. 3b) . Quantitative analyses of collagen on Day 28 demonstrated that the collagen deposits in Group D were significantly smaller than those in Group H (33.1 Ϯ 9.62 and 145.3 Ϯ 15.80 g, respectively, p Ͻ 0.05; Fig. 3c ).
Cell Density and BrdU Labeling Index
On Day 14, cell density in the fibrotic area was significantly higher in Group H than in Group D (6986.6 Ϯ 869. 
Results of TGF␤ 1 Immunostaining
The TGF␤ 1 immunostaining showed that most macrophages in the fibrotic area, which was Mac 3-positive in the adjacent section (data not shown), were TGF␤ 1 -positive in Group H on Day 7 (Fig. 4a) , and virtually all were positive on Day 14 (Fig. 4c) . On the other hand, TGF␤ 1 -positive cells in Group D were fewer than those in Group H on Day 7 (Fig. 4b) , and TGF␤ 1 immunoreactivity was negative in Group D on Day 14 (Fig. 4d) .
In Group H, the choroid plexus epithelium on Day 7 was partially and moderately positive for TGF␤ 1 (Fig. 4e) ; then on Day 14 it became generally and more intensely TGF␤ 1 -positive (Fig. 4g) . In Group D, however, the choroid plexus was negative for TGF␤ 1 (Fig. 4f and h ) on both Days 7 and 14. The meninges in each group showed an expression pattern for TGF␤ 1 basically similar to that of the choroid plexus (data not shown).
Serum Levels of Cytokines
On Day 7, the serum level of total TGF␤ 1 (including both active and latent forms) was not significantly different among the groups (Fig. 5) . On Day 14, the serum level of total TGF␤ 1 was drastically increased in Group H (307.8 Ϯ 44.82 pg/ml, four samples), whereas it was not significantly changed in Group D (148.5 Ϯ 59.32 pg/ml, four samples); there was a significant difference between Groups H and D on Day 14 (Fig. 5, p Ͻ 0.05) .
The serum levels of FGF2, PDGF-BB, and IL-6 on Day 14 were not significantly different among the groups (ranges: FGF2 1.1-1.2 g/ml, PDGF-BB 1.5-1.6 g/ml, and IL-6 47.4-49.9 ng/ml in the H, D, and sham-treated groups, four samples each).
Side Effects
The brain, intestine, kidney, and testis were histologically examined, and no apparent abnormal findings related to D 2 O toxicity were observed, consistent with previous reports. 9, 28, 55 The numbers of mitotic cells in the intestinal crypts were not significantly different among the groups (40.3 Ϯ 1.71, 36.5 Ϯ 6.29, and 37.5 Ϯ 7.68 per 100 crypts for the H, D, and sham-treated groups, respectively). Biochemical analyses revealed that there was no significant difference between the D and sham-treated groups except for BUN (Table 2) , whereas there were no significant differences in any laboratory values between Groups H and D or between the H and sham-treated groups.
Discussion
Effects of D 2 O on Fibrosis in the Development of KaolinInduced Hydrocephalus
Kaolin-induced hydrocephalus is one of the most reliable experimental models. 8, 10, 19 In this model, kaolin injected into the cisterna magna causes severe arachnoiditis with obstruction of CSF pathways and, as chronic hydrocephalus develops, induces dilation of the ventricles with normal intracranial pressure. 8, 10, 19 Therefore, this model is similar to chronic communicating hydrocephalus seen in humans (for example, posthemorrhagic and postmeningitic hydrocephalus). 25, 27 The present histopathological study showed that D 2 O inhibited progression of hydrocephalus and severe fibrosis induced by kaolin in the cisterna magna. Our interpretation of the results of the cell density and collagen assays, in conjunction with those of the BrdU labeling index, is that D 2 O inhibited fibroblast proliferation and collagen synthesis. These results indicate that D 2 O may directly interfere with fibroblast proliferation by overstabilizing microtubules, thereby decreasing collagen production. In addition, D 2 O may also indirectly inhibit fibroblast proliferation and collagen synthesis via the downregulation of TGF␤1 expression.
Effects of D 2 O on Cytokine Expression
Authors of recent studies on SAH have documented the elevation of CSF levels of various cytokines, such as TGF␤ 1 , IL-6, and PDGF. 13, 14, 42, 54 Transforming growth factor-␤ 1 stimulates cellular proliferation of fibroblasts directly or indirectly via induction of FGF2 and PDGF, 6, 21, 26, 50, 52, 60 and it promotes the production of extracellular matrix protein. 20, 26, 43, 45, 46, 51 Because TGF␤ 1 is closely related to the generation of communicating hydrocephalus after SAH, 24, 54 it is thought to be the cytokine most responsible for leptomeningeal fibrosis after SAH. Platelet-derived growth factor is a powerful mitogenic growth factor for fibroblasts, 13 having three dimeric isoforms (PDGF-AA, -AB, and -BB), and PDGF-BB is closely related to liver and renal fibrosis. 6, 60 Interleukin-6 is a major inflammatory cytokine 5, 26, 40 that becomes elevated in the CSF after SAH and correlates with the occurrence of vasospasm.
14,23,33,42,54 Accordingly, we next analyzed the effects of D 2 O on the expression of these cytokines. In the present study, the serum level of total TGF␤ 1 was significantly higher in Group H than in Group D on Day 14. In Group H, TGF␤ 1 immunoreactivity apparently increased in the macrophages, choroid plexus, and meninges, which are known as sources of TGF␤ 1 secretion. 11 On the other hand, in Group D, these cells and tissues were TGF␤ 1 -negative on Day 14, a finding that corresponded well to the serum TGF␤ 1 level. These results indicated that D 2 O inhibited TGF␤ 1 expression in the macrophages, choroid plexus, and meninges, which may also contribute to inhibiting fibroblast proliferation and collagen synthesis.
Serum levels of FGF2, PDGF-BB, and IL-6 were not significantly different among the groups on Day 14. Although authors of recent studies reported the upregulation of FGF2 and PDGF-BB in TGF␤ 1 -induced fibrosis, 6, 26, 52, 60 in the present results the upregulation of FGF2 or PDGF-BB was not observed, despite the upregulation of TGF␤ 1 . Examination of the CSF levels of these cytokines may help us further understand D 2 O's effects on the expression of cytokines.
We infer from our study results that D 2 O also inhibits the progression of communicating hydrocephalus in the kaolin mouse model indirectly via the downregulation of TGF␤ 1 expression. Therefore, specific inhibition of TGF␤ 1 expression may be a possible approach to prevent communicating hydrocephalus caused by leptomeningeal fibrosis, as has been proposed for liver and lung fibrosis. 37, 38 Recently, a transient gene transfer technique, with adenovirus vectors carrying complementary DNAs of Smad7 and soluble form type II receptor for TGF␤ 1 , was applied to prevent TGF␤-based lung fibrosis 38 and cardiac fibrosis after myocardial infarction 41 in mice. The use of TGF␤ 1 antibody and other approaches are also expected to serve as etiotropic treatments for communicating hydrocephalus caused by leptomeningeal fibrosis, although no vector delivery system or regulation of the effects of anti-TGF␤ 1 has been established. 38 Our results demonstrated that D 2 O inhibits cell proliferation and collagen synthesis. Therefore, D 2 O may have therapeutic potential for TGF␤ 1 -related fibrosis such as lung, liver, and renal fibrosis, 37, 44, 52 and may also serve as an antitumor agent, as previously reported. 
Toxicity of D 2 O
The toxicity of D 2 O depends on the degree to which body water is replaced. 1, 3, 55 In the present study, mice were given 30% D 2 O for 4 weeks and the degree of replacement of body water was estimated as 24%. 9, 22 Thirty percent D 2 O is the highest oral concentration generally reported to be without side effects in mice, 2, 9, 28 although it has also been reported that replacing less than 25% of the body water with D 2 O caused weight loss, excitability, and convulsion. 55 In the present study, both Groups H and D showed weight loss on Day 7 after kaolin injection, but body weight in Group D had recovered to the level of the sham-treated group by Days 14 and 28, which was not the case for Group H. Therefore, weight loss on Day 7 in Group D seems to be due to the operative stress of kaolin injection instead of D 2 O toxicity. Group D did not display excitability or convulsion during the experiment and there were no abnormal histological findings in the major organs.
Because D 2 O affects cell division in most organisms, we examined tissues with high mitotic and meiotic activities, such as the intestine and testis. Deuterated mice with approximately 25% replacement of body water remain healthy, albeit sterile for a long time. 28 Researchers have found that D 2 O-induced sterility depends on the decrease in the number of intact spermatozoa, and that giant multinucleated cells appear in the testis, suggesting a block in the differentiation of daughter cells after meiosis. 3, 55 In contrast with previous reports, however, there were no such abnormal histological findings in the present deuterated testis. 3, 55 Furthermore, the numbers of mitotic cells in the intestinal crypts were not significantly different among the groups. Thus, D 2 O did not show apparent toxicity in the testis or intestine in the present study.
Biochemical analyses revealed that BUN in Group D was significantly, albeit mildly, higher than in the shamtreated group, whereas there was no significant difference between Groups H and D. Authors of previous studies have also reported the elevation of BUN in deuterated rats and mice, 1, 57 and there was approximately a 20% increase in the rate of urea production in the deuterated rats drinking 50% D 2 O. 57 These results suggest to us that the increase in BUN was due to an increase in protein catabolism reflected by a decrease in serum protein, by dehydration, and by impaired renal function. 1, [55] [56] [57] Results of the present study did not show a decrease in serum protein, however, nor did they show dehydration with an increase of hematocrit and loss of body weight in Group D. The BUN in Group D increased to a lesser extent than in the previous report, 1 and creatinine was not significantly different among the groups, whereas the kidney was histologically intact. Administration of 30% D 2 O in the present study thus seems almost harmless, although the exact cause of the BUN increase remains unclear, and fertility was not examined.
Conclusions
In this study, we found that D 2 O prevented the development of kaolin-induced hydrocephalus in mice, and it inhibited intrameningeal fibrosis and upregulation of TGF␤ 1 . * GOT = glutamic-oxaloacetic transaminase; GPT = glutamic-pyruvic transaminase.
† Significantly different from the sham-treated group.
